Elemental carbon (EC) in atmospheric particulate matter originates from a broad range of sources in many urban locations. As health and air quality studies are using elemental carbon measurements to better understand the impact of diesel engines and other combustion sources, there is a great need to clearly understand the relative source contributions to EC concentrations in the atmosphere. However, the different analytical techniques currently used to measure EC do not show good agreement for many particulate matter samples. To this end, studies that use EC as a tracer and integrate different analytical techniques for EC can significantly bias estimates of source contributions to atmospheric particulate matter. In addition, source attribution studies that do not properly address all sources of EC in the atmosphere can also lead to inaccuracies and biases. To better understand the use of EC as a tracer, a review of the distribution of EC in the primary particulate matter emissions from air pollution sources using different analytical methods is discussed. A review of previous apportionment studies of particulate matter is presented to elucidate the fraction of EC that results from emissions from diesel engines in urban locations. These results demonstrate that EC is not a unique tracer for diesel exhaust and efforts to utilize EC as an indicator of diesel exhaust must properly address other sources of EC as well as utilize a consistent measurement technique for EC when comparing source and ambient EC measurements to avoid significant biases.
Introduction
Increased concern over the potential adverse health effects of occupational and environmental exposures of particulate matter has created a need for better utilization of chemical and physical measurements of atmospheric particulate matter to elucidate their sources (Laden et al., 2000) . Recently, advanced chemical analysis techniques have been shown to be powerful tools for such source apportionment efforts. Schauer et al. (1996) and Schauer and Cass (2000) employed molecular marker source apportionment models, which used unique particle-phase organic compounds to apportion the source contributions of nine primary sources to atmospheric fine particulate matter concentrations in the Los Angeles Basin and the San Joaquin Valley in California. Bhave et al. (2001) demonstrated the feasibility of source apportionment of real-time single particle mass spectrometry measurements that were collected using an aerosol time-of-flight mass spectrometer (ATOFMS) (Prather et al., 1994; Noble and Prather, 1996) . Although these source apportionment methods have been developed, they are relatively expensive and can only be conducted by a limited number of analytical laboratories. In addition, these methods are not readily applied to the broad range of epidemiological and exposure studies that are sought by the health effects community due to the extensive number of samples needed for epidemiological studies and the low air volume samples typically collected in exposure studies. To this end, there is great interest in identifying simplified chemical measurements, which can be used as tracers for specific air pollution sources for use in both health effects and air quality studies. Currently, elemental carbon (EC) is being used as a surrogate to monitor occupational exposures to diesel particulate matter (NIOSH, 1996) , and this same approach is being employed for environmental health and air quality studies to monitor exposures and concentrations of diesel particulate matter. However, significant concerns over the feasibility of such methods have been raised and include: (1) variations in analytical methods used for the quantification of EC, (2) the lack of information regarding other sources of EC, and (3) the ratio of EC to particulate mass for diesel particulate matter. The purpose of this review is to identify critical issues that need to be properly addressed to avoid errors and biases in source apportionment and tracer studies that seek to understand the impact of diesel engine emissions (Lloyd and Cackette, 2001 ) on particulate matter concentrations and exposures. The goal of this paper is to aid scientists and regulators in the design of research studies and emissions control strategies that seek to address atmospheric EC and its sources.
Measurements of EC
Carbon that is present in atmospheric particulate matter can be classified into three basic forms: carbonate carbon, organic compounds, and EC. Carbonate carbon is comprised of the salts of the carbonate ion ðCO 2À 2 Þ and the bicarbonate ion ðHCO À 3 Þ, whereas organic carbon is comprised of literally hundreds to thousands of organic compounds. Although the chemical compounds that comprise carbonate carbon and organic carbon in atmospheric particulate matter samples do exist as individual chemical compounds, all of these compounds generally cannot be identified and quantified by existing analytical techniques. For this reason, bulk analytical techniques are commonly used to measure carbonate carbon and organic carbon. In such techniques, the carbon that is neither carbonate carbon nor organic carbon is defined as EC. It is important to recognize that this definition of EC is not a definition based on the fundamental properties and thus is operationally defined. Nevertheless, EC measurements are commonly used in the air quality, atmospheric, health, and regulatory communities, and if properly employed can provide important information on the composition and origin of particulate matter in the atmosphere. The terms EC, black carbon (BC) and Carbon Black have been widely interchanged in the literature in the past. There is an effort within the community, however, to use these terms more precisely in the future (Schauer et al., 2003) . The developing convention is to use BC as the definition of optical measurements of light-absorbing carbon (Novakov, 1984; Goldberg, 1985) and EC as the definition of refractory carbon measured by thermal/optical carbon analyzers. The term Carbon Black should only be used to describe the commercially produced commodity that is used in the rubber, painting and printing industries (Watson and Valberg, 2001 ). These specific definitions are used in this paper. It is important to recognize that strong relationships between BC and EC have been observed given consistent measurement techniques and relatively constant EC sources (Babich et al., 2000; Ballach et al., 2001; Lavanchy et al., 1999) but these relationships are dependent on the BC and EC method, as well as the sources of EC (Borak et al., 2003; Cyrys et al., 2003) .
There are currently two common techniques employed for the analysis of elemental carbon and organic carbon (ECOC) in atmospheric particulate matter samples: the IMPROVE ECOC method, which is often referred to as the total optical reflectance (TOR) method, (Chow et al., 1993 ) and the NIOSH ECOC method (Birch and Cary, 1996; NIOSH, 1996) . The details of these methods have been previously presented and will be only briefly summarized here. It is not the objective of this review to summarize the differences in the EC measurements, but rather to highlight the fact that these measurements are different and that biases and errors can result in source attribution studies if the results from different methods are improperly integrated. Currie et al. (2002) and Schmid et al. (2001) have presented a comprehensive comparison of these methods and a large number of alternative EC analysis methods. In the NIOSH and IMPROVE methods, samples are collected on quartz fiber filters. A section of the filter sample is placed in the ECOC analyzer oven such that the reflectance or transmittance of red light (633 nm wavelength) shining through the sample can be monitored during the analysis process. The filter is first heated under a pure oxygen-free helium purge gas. The volatilized or pyrolized carbonaceous gases are carried by the purge gas to the oxidizer catalyst where all carbon compounds are converted to carbon dioxide. After this oxidation step, the oxidized purge gas is reduced using a reducing catalyst to convert the carbon dioxide to methane. The reduced gas is then analyzed with a flame ionization detector (FID) to quantify the rate of carbon mass evolution from the sample. After the completion of the oxygen-free heating stage, the oven is then cooled and reheated in the presence of helium gas that contains a few percent of oxygen. EC is oxidized to carbon dioxide, reduced to methane, and detected by the FID. The carbon evolved from the sample by volatilization or oxidation is quantified using the same process as employed for the oxygen-free heating stage. The total carbon evolved from the sample, summed over both heating stages, is defined as the total carbon (TC) of the sample. Birch and Cary (1996) discuss the quantification of carbonate carbon, which is generally not present in most urban fine particle (PM2.5) and coarse particle (PM10) samples. In cases where carbonate carbon is present, the samples need to be acidified before analysis to avoid potential interferences with OC and EC quantification.
Some organic compounds pyrolyze when heated during the oxygen-free stage of the analysis and produce additional EC, which is often defined as pyrolysis carbon (PC). The formation of PC is monitored during the analysis by the sample transmittance or reflectance. The PC, along with the EC originally present in the sample, is oxidized and removed from the filter during the second heating stage of the analysis in the presence of oxygen. The split between OC and EC is defined as the point where the light transmittance or reflectance of the sample returns to the initial condition (i.e., the reflectance or transmittance of the filter before the sample was heated). Thus, OC is defined as the carbon that evolves from the sample during the oxygen-free helium purge gas stage of the analysis plus the pyrolysis carbon, in the absence of carbonate carbon. Likewise, the EC is defined as the carbon evolved from the samples after the laser transmittance or reflectance returns to the initial sample values, in the absence of carbonate carbon.
The analysis conditions for the IMPROVE ECOC and the NIOSH ECOC methods are presented in Table 1 . Two important differences between these methods are the peak temperature of the oxygen-free heating stage and the hold time at each heating stage. The NIOSH ECOC method uses a peak temperature in the oxygen-free heating stage of 8501C and IMPROVE method uses 5501C. In addition, the NIOSH method uses fixed hold time during the temperature ramp and the IMPROVE method uses variable hold times that depend on the carbon evolution at each stage of heating. Although these two methods show excellent agreement for TC (Chow et al., 1993 ), the differences in peak temperature during the oxygen-free heating stage result in higher EC measurements by the IMPROVE ECOC method as compared to the NIOSH ECOC method for many samples. Figure 1 shows a comparison of the EC measured for 48 source and ambient samples that were measured by Chow et al. (2001) with one ECOC instrument using both the IMPROVE ECOC method and the NIOSH ECOC method. Although this is a limited number of samples that are predominately from the southwestern United States and Mexico, it is clear that there is no simple relationship between these two different measurements. It is important to recognize that all of the IMPROVE method measurements are greater than the NIOSH method measurements and that the ratios of the IMPROVE method measurements to the NIOSH method measurements vary from 1.3 to 11 for atmospheric samples and from 1.3 to 3.3 for motor vehicle exhaust samples. These variations, which result from methodological differences in analysis, far exceed the precision of EC measurements for a fixed ECOC analysis method (Chow et al., 1993 The NIOSH method uses fixed hold times at each heating stage and the IMPROVE method uses variable hold times depending on the evolution rate of carbon during each hold. c The NIOSH protocol requires a modified protocol for samples with non-standard pyrolysis behavior (see NIOSH, 1996 for details). that these differences result from the fact that some watersoluble organic compounds do not volatilize until temperatures as high as 8501C. Although other explanations have been proposed , the important point is that these measurements are not comparable for all samples and can lead to significant biases and errors if integrated together into source apportionment models that utilize elemental carbon measurements. In addition to the IMRPOVE ECOC method and the NIOSH ECOC method, several techniques that do not use optical monitoring to correct for pyrolysis have been developed (Cadle et al., 1980; Ellis and Novakov, 1982; Cadle and Mulawa, 1990; Fung, 1990) . Several of these methods minimize pyrolysis by using an oxidation catalyst (Fung, 1990) or low-temperature preoxidation before heating (Cachier et al., 1989) ; however, methods that do not completely eliminate or correct for pyrolysis will lead to PC being incorrectly reported as EC. Figure 2 shows a comparison of the EC measured by the IMPROVE method and the IMPROVE method without pyrolysis correction for the same samples presented in Figure 1 . The IMPROVE method without pyrolysis correction was calculated from the data presented by Chow et al. (2001) by adding the measured IMPROVE method EC and the reported PC for these samples. As seen in Figure 2 , some of the samples show good agreement while others demonstrate a significant offset between the pyrolysis-corrected and pyrolysis-uncorrected measurements. As would be expected, motor vehicle exhaust samples, which do not pyrolyze, show good agreement between the pyrolysis-corrected and unpyrolysis-corrected analysis. In contrast, samples that are expected to contain noticeable wood smoke aerosol, which undergoes significant pyrolysis, show poor agreement. Again, this limited data set demonstrates that these different methods for EC analysis are not equivalent and should not be integrated together.
The operating conditions for the unpyrolysis-corrected methods of Cadle et al. (1980) and Fung (1990) are also presented in Table 1 . More information on the intercomparison of these methods has been reported Hering et al., 1990; Guillemin et al., 1997 Guillemin et al., , 2001 Birch, 1998) . As previously stated, it is not the objective of this review to summarize the differences in the EC measurements but rather to highlight the fact that these measurements are different and that biases and errors can result in source attribution studies if the results from different measurement techniques are integrated or if conclusions based on one set of measurements are extrapolated to a data set that utilizes a different measurement technique. As an example, wood smoke aerosols are measured to contain significantly more EC by the IMPROVE ECOC method than the NIOSH ECOC method (Chow et al., 1993; Schauer and Cass, 2000) .
It is important to recognize that surrogate measures of EC, such as BC measurements (Hansen et al., 1984; Bond et al., 1998 Bond et al., , 1999 , do not have exact correlations with either the NIOSH EC or IMPROVE EC measurements. For this reason, atmospheric measurements of BC should not be used as a direct measure of EC.
Atmospheric sources of elemental carbon
The ability to accurately use EC as a tracer for diesel particulate matter in either the environmental or occupational setting critically relies on a clear understanding of relative contributions of other sources to EC concentrations. Two effective strategies to achieve an understanding of the sources of EC for a given study area are: (1) the application of a source apportionment model that employs highly selective molecular markers (particle-phase organic compounds) as tracers (Schauer et al., 1996; Watson et al., 1998; Schauer and Cass, 2000) and (2) development of an emissions inventory for EC (Gray and Cass, 1998) . It is important to recognize that all significant sources of EC must be included in these efforts to achieve accurate results, and the relative contributions of EC sources will vary significantly as a function of location and time. Regions with significant primary particulate matter emissions from coal-fired power plants and fuel oil-fired power plants will have EC concentrations that are significantly impacted from these operations (Streets et al., 2001 ). Likewise, long-term changes in the motor vehicle fleet emissions have impacted the relative contributions of EC emissions as a function of time (Christoforou et al., 2000) and seasonal changes in biomass burning will also impact the relative contribution of biomass burning contributions to EC emissions (Magliano et al., 1999) .
It is important to recognize that emissions inventory data inherently average over large spatial areas and temporal periods and cannot provide accurate estimates of source contributions to EC emissions in microenvironments and short time periods. For this reason, estimates of the relative contributions of air pollution sources to EC contributions, based on emissions inventory, should only be applied to samples collected over spatially and temporally representative conditions. In contrast, however, analysis of samples for highly specific molecular markers in samples or composites of samples can provide very accurate estimates of sources of EC (Schauer et al., 1996) . As an example, the measurement of levoglucosan and other markers for wood smoke can be used to calculate accurately the contribution of wood smoke to the EC present in a given particulate matter sample (Schauer and Cass, 2000; Schauer et al., 2001) . For this reason, the analysis of molecular markers in selected particulate matter samples, which can be used to apportion accurately source contributions, provides an important tool to assess the impact of other EC sources in microenvironments or in locations where emissions inventory data are not available or do not represent the sampling conditions. Table 2 presents a summary of fraction of carbon that is measured as EC for important non-internal combustion engine sources of carbonaceous particulate matter. Included in Table 2 are typical measurements for both the NIOSH ECOC method and the IMPROVE ECOC method. Of specific importance is the different ratio of EC to TC present in biomass smoke, which includes both fireplace combustion of wood and agricultural and brush burning. Although the composition of particulate matter from biomass burning depends on the biomass fuel and the burning conditions, the IMPROVE ECOC method typically measures EC to contain around 15-25% of the particle carbon (Turn et al., 1997; Watson et al., 1998; McDonald et al., 2000) . In contrast, the NIOSH ECOC method measures biomass aerosol to be around 5% EC (Hildemann et al., 1991; Schauer et al., 2001) . Under conditions of high biomass aerosol, such as reported in the California's San Joaquin Valley (Magliano et al., 1999; Schauer and Cass, 2000) , these differences are extremely significant. Although there is very little data reported on the composition of smoke from synthetic log burning, the available data show significant differences between the two ECOC methods. It should be noted that the conditions of these tests parallel the wood burning tests shown in Table 2 that were reported by Hildemann et al. (1991) and McDonald et al. (2000) , which suggests that these differences are not a result of the testing conditions, but rather difference in the formulation of the tested synthetic logs or difference in the ECOC methods. Further measurements will be needed to better understand the factors that lead to these very large differences in these measurements.
As shown in Table 2 , meat smoke aerosol contains very little EC as measured by both ECOC methods (Hildemann et al., 1991; Watson et al., 1998; Schauer et al., 1999a) . Although there have been extensive chemical measurements of emissions from coal and fuel oil combustors, there have been surprisingly few measurements of the OC and EC content of these emissions using the ECOC techniques shown in Table 1 . The reported measurements show that a very high percentage of the carbon in the particle emissions from these sources is in the form of EC (Watson et al., 1998; Ge et al., 2001; Park et al., 2001) . This is consistent with the very high EC concentration measured in the atmosphere in China and other Asian countries (He et al., 2001) , where significant primary emissions of particulate matter from coal and residual oil combustion exist. In many locations in the United States, there exist very small primary emissions from coal and residual oil combustion due to minimal use of these fuels or effective control strategies on their emissions. Clearly, such sources can have a major impact on EC emissions and ambient concentrations.
Also presented in Table 2 are the EC to TC ratios reported for candle burning and cigarette smoke as measured by the NIOSH ECOC method (Fine et al., 1999) . Although these sources are generally not expected to have a significant impact on ambient pollutant concentrations, these sources can dominate emissions and exposure in specific indoor microenvironments. As seen in Table 2 , the EC of cigarette smoke and the smoke from candle burning without sooting are very low. However, under sooting conditions, smoke from burning candles contains significant quantities of EC, which can be important in indoor environments.
The ability of molecular marker source apportionment models to distinguish diesel exhaust from biomass smoke, meat smoke, cigarette smoke, coal fly ash, and residual oil fly ash is independent of their EC composition since these sources can be distinguished by their organic compounds composition (Schauer et al., 1996; Schauer and Cass, 2000) and by their trace metals composition (Huffman et al., 2000; Linak and Miller, 2000) . However, if estimates of diesel particulate matter are sought from EC measurements alone, then the contribution of EC from these other combustion sources must be properly addressed to avoid incorrectly attributing their elemental carbon emissions to diesel particulate matter. Table 3 presents reported ratios of EC to TC for diesel vehicle emissions operating on dynamometer test cycles. Clark et al. (2002) have shown that driving cycle and engine age (i.e., engine technology) are the largest factors effecting particulate matter mass emissions from diesel truck engines, which is also expected to have an important impact on the chemical composition of particulate matter emissions from diesel engines. The work by Moosmuller et al. (2001) clearly demonstrates that engine operating condition has a significant impact on the ratio of EC to OC in the particulate matter emissions from the diesel-powered vehicle operating over an FTP cycle. Clearly, more measurements of this nature are needed to better understand the factors that affect the ratio of EC to TC in the emissions from diesel engines. Currently, only limited measurements of ECOC for diesel engine emissions exist that utilize the NIOSH and IM-PROVE ECOC measurement techniques. A sample of these measurements, which are shown in Table 3 , shows that under standardized driving cycle conditions; the EC to TC ratio of diesel particulate matter is in the range of 0.50-0.80 (Hildemann et al., 1991; Lowenthal et al., 1994; Watson et al., 1998; Cadle et al., 1999; Schauer et al., 1999b) . Reported measurements of this nature are not sufficient to elucidate the effect of driving cycle, engine type, engine age, and engine fuel on this ratio but they can be expected to be important factors. It is important to note that average compositional data for diesel vehicles within an air shed will depend on these factors and will need to be better determined in the future to reduce the uncertainty of source apportionment studies that seek to apportion the contribution of diesel exhaust on air quality. Although Figure 1 suggests that there are differences in the OC and EC split for diesel particulate matter for different ECOC measurement techniques, there are not sufficient measurements of diesel particulate matter samples by both the NIOSH and the IMPROVE ECOC methods to definitively understand the differences in these measurements for diesel exhaust samples.
In contrast to the diesel engine emissions presented in Table 3, Table 4 presents reported EC to TC ratios for particulate matter emissions from gasoline-powered motor vehicles. The fraction of EC in the emissions from gasoline- Includes additional emission tests not included in the average EC/TC measurement. e Profile 2, which includes only buses and trucks without particle traps and operated on diesel fuel. powered motor vehicles that have a visible smoke plume, often called smokers, has been measured to be in the range of 0.14 in Denver, Colorado using the IMPROVE ECOC method (Cadle et al., 1999) . During the same study, nonsmoking vehicles were measured to have elemental contributions to total particulate carbon of 0.27 and 0.38 for summer and winter tests, respectively. These differences are consistent with the notion that the smoking vehicles are emitting more lubricating oil, which adds to the organic carbon fraction of the emissions. As suggested in Figure 1 , these measurements cannot be directly compared to EC measurements of gasoline-powered motor vehicle emissions made with the NIOSH ECOC method. With this said, the fraction of EC in the emissions from gasoline-powered motor vehicles as measured by a different series of emissions tests that used the NIOSH ECOC method had generally lower EC fractions (Hildemann et al., 1991; Schauer et al., 2002) . Since these tests were carried out in different locations with different vehicles, it is not possible to determine from these data if the differences are due to analytical techniques, vehicle fleet, or other factors. As noted for diesel engine exhaust, more testing and measurements are clearly needed to better understand the average EC content of particulate matter emissions from gasoline-powered motor vehicles.
Tables 2-4 present typical values for the EC to TC ratio for important atmospheric sources of carbonaceous aerosols in the urban atmosphere. As previously discussed, there is a great need to better refine these numbers for different regions of the country. Nevertheless, these typical values provide important information in understanding the impact of these sources on EC concentrations. Of great importance is the potential impact of fuel oil and coal combustion in locations where there exist important primary particulate matter emissions from these sources. In regions where these sources are not important, biomass smoke is the predominate source of EC other than motor vehicle exhaust. As can be seen in Table 2 , the impact of biomass aerosol on EC will strongly depend on the analytical technique used for EC measurement. Finally, accurate estimates of the relative contributions of diesel vehicles and gasoline-powered motor vehicles will require an understanding of the distribution of vehicles, the average driving cycles for these vehicles, and the average EC content of the vehicle fleets' emissions under relevant driving conditions.
Source apportionment studies results
As previously indicated, molecular marker source apportionment models use organic compounds as tracers and can provide accurate estimates of source contributions to atmospheric particulate matter concentrations. The results of these models can also be used to apportion the source contributions to EC concentrations in the atmosphere. These results provide important information on the appropriateness and viability of EC as a tracer for diesel engine emissions. Table 5 presents a summary of molecular marker source apportionment models that can be used to estimate the contributions to EC concentrations, along with one trace element based source apportionment study that used a carefully constructed emissions inventory to aid in the apportionment modeling (Wolff et al., 1981) .
As previously discussed, the analytical methods used for EC measurement will have a strong influence on the relative source contributions to EC concentrations. This is very evident in the apportioned sources of EC during the Denver Brown Cloud Study of 1978 (Wolff et al., 1981) . Using the EC measurement of Cadle et al. (1980) , which does not correct for pyrolysis, significant amount of EC is attributed to biomass smoke along with other non-vehicular sources including natural gas combustion and fuel oil combustion. Clearly, the EC measurements used by Wolff et al. (1981) and source apportionment studies that use similar EC measurement methodologies (Pratsinis et al., 1984) are not comparable with either of the modern measurements of EC which have pyrolysis correction. The molecular marker source apportionment model of Schauer et al. (1996) can be used to calculate the sources of EC as measured by the NIOSH ECOC method in 1982 at four locations in the Los Angeles area. In all cases, the annual average contribution of EC from diesel-powered engines was in the range of 88-96%. Most of the residual EC was attributed to gasoline-powered motor vehicles and biomass smoke. A recent study by Hannigan (1997) , using the NIOSH ECOC method, apportioned a composite annual average fine particulate matter sample collected over the entire year of 1993 in four monitor sites in the Los Angeles Basin: Long Beach, Downtown Los Angeles, Azusa, and Rubidoux. As seen in Table 5 , 57% of the EC concentrations were attributed to diesel-powered vehicles and 19% were attributed to gasoline-powered motor vehicles. The significant decrease in the relative contribution of diesel engines to the annual average EC concentrations between the early 1980s and the mid-1990s is consistent with the trend in particulate matter concentrations in the Los Angeles Basin from 1982 to 1993 (Christoforou et al., 2000) and similar trends observed in motor vehicle tunnels (Gertler et al., 2001) . Schauer and Cass (2000) apportioned the source of fine particulate matter in the San Joaquin Valley during a high wintertime pollution episode. During this study, where significant wood smoke was found to be present in the atmosphere, 80-86% of the EC measured by the NIOSH ECOC method was attributed to diesel particulate matter and 11-18% of the EC was attributed to wood smoke. Clearly, if EC was measured by the IMPROVE method, a much larger fraction of the EC would be attributed to wood smoke.
The NFRAQS Study (Watson et al., 1998 ) apportioned the fine particulate matter in the Denver area during the winter of 1996-1997 using polycyclic aromatic hydrocarbons (PAH), trace elements, and IMPROVE ECOC. During this period, very little wood smoke was present (Watson et al., 1998) and therefore wood smoke was a small contribution to EC concentrations. Owing to the small contribution from wood smoke and other EC sources, more than 90% of the EC concentrations were determined to originate from motor vehicle emissions. The percent of EC attributed to diesel was 66% at the Brighton location and 51% at the Welby location. Although the diesel particulate matter contributions to EC are reasonably consistent with the apportionment of Hannigan (1997) , the higher attribution of EC to gasolinepowered motor vehicles is an interesting result. It is possible that the higher contribution to EC concentrations resulted from differences in EC measurements or may be due to differences in emissions from motor vehicles during cold start at higher altitudes compared to vehicles in the Los Angeles Basin. Additional source tests and analytical method intercomparisons will be needed to better address this issue.
Also presented in Table 5 is the source apportionment conducted in Phoenix over the period of 1995-1998 using a positive matrix factorization (Ramadan et al., 2000) . This technique did not completely separate diesel-and gasolinepowered vehicles but can be used to estimate the contribution of motor vehicles to EC concentration, which is found to be very consistent with other studies listed in Table 5 . Zheng et al. (2002) employed a molecular marker chemical mass balance model to apportion the sources of atmospheric particulate matter in eight cities in the Southeastern US for one-month of each season between the spring of 1999 and the winter of 2000. Table 5 presents the average fraction of EC from diesel in fine particulate matter in each season, which was calculated to be 92% in the summer and 74% in the Table 5 . Source contributions to fine particle EC determined in source apportionment studies that employed molecular marker source apportionment models or emissions inventory assisted source attribution (measurements are for fine particulate matter, PM2.5). et al. (2002) winter. These results demonstrated the seasonal impact of wood smoke on EC concentrations.
Recommendations for future studies
Although powerful tools have been developed for source apportionment of atmospheric particulate matter that use molecular markers, there still exists a need to use simplified chemical measurements as tracers for air pollution sources. As such efforts are expected to be employed in the future, specific recommendations are provided here for studies that employ EC for such measurements. The recommendations are as follows:
(1) All source and ambient measurements need to have consistent EC measurement since different analytical measurements for EC are not equivalent. Source attribution studies that integrate different EC measurements will be significantly biased. (2) If EC is used as a tracer for diesel exhaust, then estimates of the relative source contributions of EC for all study regions and study periods need to be conducted to provide reasonable estimates of the fraction of EC that is from diesel exhaust and other air pollution sources at the ambient sampling locations. (3) If estimates of the diesel engine contributions to EC concentrations are used in air quality or exposure studies, selected particulate matter samples collected during the study should be analyzed for a broad spectrum of source tracers to validate the estimates of different source contributions to EC concentrations.
The utilization of such strategies can be used to assure accurate interpretation of EC measurements.
In order to further enhance advanced particulate matter source apportionment efforts, the following recommendations are also suggested:
(1) Additional source testing efforts are needed to better understand the impact of driving cycle, engine and vehicle type, vehicle age, and fuel on the OC and EC emissions from both gasoline-and diesel-powered vehicles. (2) Additional analytical intercomparisons for ECOC measurements that focus on source emissions as compared to past intercomparisons that focused on ambient measurement are needed. (3) Additional measurements of OC and EC are needed for particulate matter emissions from coal-fired power plants, fuel oil boilers, jet aircraft, and indoor air pollution sources.
